ABSTRACT
The presence of cilia in many vertebrate cell types and its function has been ignored for many years. Only in the past few years has its importance been rediscovered. In part, this was triggered by the realization that many gene products mutated in polycystic kidney diseases are localized to cilia and dysfunctional cilia result in kidney disease. Another breakthrough was the observation that the establishment of the left-right body axis is dependent on cilia function. Since then, many other developmental paradigms have been shown to rely on ciliadependent signaling. In addition to mouse and Chlamydomonas, lower vertebrate model systems such as zebrafish, medaka and Xenopus have provided important new insights into cilia signaling and its role during embryonic development. This review will summarize those studies. We will also illustrate how these lower vertebrates are promising model systems for future studies defining the physiological function of cilia during organogenesis and disease pathophysiology.
INTRODUCTION
Flagella were initially described as a cellular organelle in Chlamydomonas and subsequently shown to be homologues to cilia present in most vertebrate cell types (1) . Cilia are membrane extensions contiguous with the cell membrane characterized by the presence of nine peripheral doublets of microtubules. Most motile cilia also contain a central microtubule pair (9+2 pattern), while primary, sensory cilia lack this microtubule axoneme at its center and are referred to as 9+0 pattern. As first discovered in Chlamydomonas flagella (and cilia) are assembled by a process called intraflagella transport (IFT), in which large protein particles are carried along the ciliary microtubules by kinesin and dynein (2, 3) . Studies in Chlamydomonas demonstrated that IFT particles are transport vehicles necessary for assembly, maintenance and function of flagella (4) . Since then, IFT homologues have been identified in many different animal model systems, including C. elegans, Drosophila, zebrafish, medaka, Xenopus and mammals (5, 6, 7, 8) and mutations in the IFT genes showed that they are required for cilia assembly in Chlamydomonas (9) , C. elegans (10, 11, 12) , and zebrafish (13, 14, 15, 16) . Interestingly, those studies not only show that IFTs are required for the structural integrity of cilia, but also implicated cilia as a possible common mechanism underlying several human pathologies, including left-right asymmetry defects, polycystic kidney disease, and retinal degeneration. Furthermore, recent studies suggest that the cilium participates in signal transduction pathways such as Hedgehog, Ca 2+ , Wnt, STATs, controlling cell proliferation and differentiation. There are many excellent, recent reviews discussing the role of cilia in those individual scenarios (17, 18, 19, 20, 21, 22, 23, 24) . This review will summarize how the study of ciliogenesis has contributed to a better understanding of embryonic development in the lower, non-mammalian vertebrate model systems (zebrafish, medaka and Xenopus). A particular focus will be on how this information has generated a better understanding of how cilia-associated genes regulate human diseases.
NON-MAMMALIAN MODEL SYSTEMS TO STUDY CILIA FUNCTION

Zebrafish and medaka
The teleosts, zebrafish and medaka are very successful and widely used model systems. In a seminal paper published in 1981 (25), Streisinger described the use of zebrafish as a model system, which allowed genetic approaches to better understand vertebrate embryonic development. The Far East cousin to zebrafish, medaka has been used for the past 100 years. Systematic genetic analysis of medaka dates back to 1921 (26), and these studies represent the first vertebrate system that provided evidence of Y-linked inheritance. By 1975, a sufficient amount of information existed for publication of a book entitled "Medaka (Killifish)-Biology and Strains' (27) . Both zebrafish and medaka offer many experimental advantages to study vertebrate development and human disease. They produce large batches of offspring, which develop externally and are optically transparent. Furthermore, most organ systems develop within three days after fertilization and their development can easily be followed by simple morphological inspection or by GFP reporter strains (28) . In addition, both zebrafish and medaka genome are sequenced and the sequence information is available through the Sanger Institute (http://www.ensembl.org/Danio_rerio/index.html, http://www.ensembl.org/Oryzias_latipes/index.html).
Zebrafish and medaka have been widely used as genetic models to screen for developmental defects (29, 30). Zebrafish and medaka mutants were generated by the chemical mutagen N-ethyl-N-nitrosourea (ENU) that induces base pair changes, as well as chemical and insertional mutagenesis (31, 32) . These screens have identified mutations in many genes and have provided new insights in many signaling pathways. Furthermore, since the genes and proteins are well conserved between zebrafish/medaka and higher vertebrate systems, these mutagenesis screens have helped to better characterize pathogenic mechanisms and to identify new therapeutic targets in humans.
In addition, reverse genetic approaches using morpholino antisense oligos (MOs) have been instrumental to rapidly and economically test the function of those genes not identified in the genetic screens (33) . MOs are synthetic molecules with standard nucleic acid bases, which are bound to morpholino instead of ribose rings. Replacement of anionic phosphates with the uncharged phosphorodiamidate groups eliminates ionization in the usual physiological pH range, so MOs in organisms or cells are uncharged. MOs are useful tools for reverse genetics by knocking down gene function or by modifying the splicing of premRNA. Blocking the 5'-untranslated region of mRNA prevents translation of the coding region of the targeted transcript ("knocking down" gene expression). MOs can also interfere with pre-mRNA processing steps, by preventing splice-directing snRNP complexes from binding to targets at intron-exon junctions. In comparison with other molecular methods to assess gene function, MOs exhibit high sequence specificity, resistance to degradation by nucleases, and complete absence of non-specific side effects. Translational blockade or splicing donor targeting by MO are effective for at least the first 3 dpf (days postfertilization) of development, which is within the time period of organogenesis.
Even though medaka is not as commonly used as zebrafish, it has several unique advantages: a smaller genome (about 800 Mb, half of the size of the zebrafish genome), the existence of polymorphism, highly fertile inbred strains and toleration of a wide temperature range (4 -40 ºC) during embryonic development (30). Medaka is an easily manipulated inbred fish model and potentially shows less gene redundancy than zebrafish. The genome has been sequenced by the National Institute of Genetics and the University of Tokyo (http://medaka.utgenome.org/) (34) . All the sequence information is available via the ensembl website (http://www.ensembl.org/Oryzias_latipes/index.html). Similar to zebrafish, medaka has been used for genetic studies. In 1975, Tomita reported the first spontaneous medaka mutant collection (35). These studies with medaka mutants complement the zebrafish data and genetic screens in medaka (36, 37) have provided important additional information that will be useful in understanding human diseases.
The bodies of most vertebrates are opaque, and internal organs are not visible from the outside. Both zebrafish and medaka have transparent bodies, and are therefore excellent models to follow vertebrate embryonic development under in vivo conditions. This advantage of transparency is lost after hatching because of the development of pigment cells in the skin. However, the Wakamatsu's group has generated a "see-through" medaka strain by crossing color mutants, which shows defects in (38) (Figure 1 ). The internal organs are visible through the body wall even in adult fish providing an opportunity to study late onset diseases such as Autosomal Dominant Polycystic Kidney Disease (ADPKD) (39).
Xenopus
The amphibian Xenopus laevis is an extensively used vertebrate model organism to study early embryonic development. Like zebrafish and medaka, Xenopus is a good experimental model due to year-round breeding, large litter sizes, and low-cost maintenance. Using microinjections of synthetic mRNAs, expression plasmids or MOs, gain-and loss-of-function phenotypes of individual genes can easily be analyzed. Moreover, the processes of embryogenesis and organogenesis have been largely conserved to higher vertebrates. Thus, Xenopus has been instrumental in identifying many concepts in modern developmental biology. In addition to the classically used species Xenopus laevis, the closely related Xenopus (Silurana) tropicalis has recently been a popular alternative. It shares most of the advantages of Xenopus laevis as an embryological system, but its shorter generation time (3 -4 months) and diploid genome (instead of the allotetraploid genome of Xenopus laevis), allows genetic approaches and the generation of transgenic animals. Furthermore, the genome of Xenopus tropicalis is currently sequenced by the DOE Joint Genome Institute (JGI -http://genome.jgi-psf.org/Xentr4/Xentr4.home.html). Even though it is still incomplete, the available sequence information already has significant impact on studies using Xenopus laevis and Xenopus tropicalis.
4.
CILIA SIGNALING IN LEFT-RIGHT ASYMMETRY
Left-right asymmetry was the first embryonic process shown to be associated with cilia function. It is highly conserved among vertebrates and regulates the switch from a bilateral symmetric embryo to an embryo with properly oriented left-right asymmetry (40, 41, 42) . The core of the signaling cascade is the asymmetric activation of Nodal signaling on the ventral side of the node during late gastrulation, which is initiated by an asymmetric flow of extracellular fluid in the node. This "nodal flow" has been shown to be driven by a specialized type of primary cilia, which is motile but is of 9+0 organization. The formation and movement of these cilia are dependent on motor molecules, kinesins and dyneins, which interact with microtubule-based cytoskeleton. Mice lacking the kinesins, KIF3A (43) and KIF3B (44) do not form nodal cilia, while mice lacking the iv gene, which encodes the left-right dynein heavy chain (lrd; Dnahc11-Mouse Genome Informatics), results in non-motile cilia (45, 46) . All these mice have a defect in left-right asymmetry supporting the notion that nodal flow is necessary to initiate the left-right axis specification. Interestingly, the node also contains a second population of non-motile cilia. These cilia are located around the periphery of the node and do not contain dynein. Instead, similar to the fluid-flow-sensing cilia in the kidney, these cilia contain polycystin-2 (PC2) and are thought to serve as a mechanosensor responsible for the asymmetric activation of a calcium signal on the left periphery of the node. Importantly, as first demonstrated by Essner et al. (47) , the role of cilia in determining left-right asymmetry is conserved across a wide range of vertebrate species.
In zebrafish, Kupffer's vesicle (KV) is the candidate organ for left-right axis specification. KV is a transient spherical organ conserved in all teleost fish (48), which was originally described by von Kupffer (49) . Embryologically, it is formed by a cluster of cells, the forerunner cells. These cells are originally derived from the dorsal margin of the late blastula zebrafish embryo and migrate to a position within the tailbud close to the chordoneural hinge, where they form KV (50, 51, 52) . At later stages during somitogenesis, KV reverts to forerunner progeny and is incorporated into notochord, muscle, and tail mesenchyme (51) . While the function of KV was unknown for a long time, the observation by Essner et al. (47) that KV expresses lrd was the first clue that KV is required for the development of laterality in fish. Since then, it has been shown that the counterclockwise beating of the cilia present on the epithelial cells lining KV generate a counterclockwise flow pattern in KV (16) . It is still unknown how this signal gets transformed into positional information.
A particular advantage of zebrafish is that mutagenesis and knockdown experiments using MOs have identified several steps required for the inductive activity of KV. The Yost group also developed a unique technique to deliver MOs specifically to dorsal forerunner cells (DFCs), by injecting into the yolk cells between the 512-cell and 1000-cell stages (52) . This approach has yielded data about KV formation, ciliogenesis and cilia-mediated signaling. In respect to the formation of KV, Essner et al. (52) demonstrated that interfering with the cellular architecture of KV either by laser ablation experiments eliminating the DFCs or by surgical disruption of KV interfered with left-right patterning. Zebrafish mutants affecting endoderm development, such as casanova, a member of the SoxF group of HMG domain transcription factors, lack forerunner cells, do not form KV and thus develop left-right asymmetry defects (54, 55) . Similarly, specifically interfering with the translation of no tail (the zebrafish homologue of brachyury) in the DFCs results in impaired morphogenesis of KV (53) . Although the ciliated DFCs were present in the region where KV should form, they were disorganized and could not generate the directed fluid-flow required for left-right development.
Both NCX and Na, K-ATPase cooperates to maintain a low intracellular Ca 2+ level. MO knock down of Na, K-ATPase a2 induced cardiac laterality and its functional partner Ncx4a, are involved in a very early step of left-right patterning in zebrafish. The Chen group recently discovered that down regulation of Na, K-ATPase a2 and Ncx4a in DFCs and KV is sufficient to immobilize KV cilia, perturb directional flow in Kupffer vesicle, disrupt the asymmetric expression patterns of zebrafish laterality genes in the brain and lateral plate, and randomize the placement of all internal organs (56).
In Xenopus, Essner et al. (47) showed that lrd is expressed on the ventral side of the dorsal blastopore lip. Subsequent analyses have extended observation and now suggest that the entire gastrocoel roof plate (GRP) is the left-right organizer in Xenopus. The GRP is derived from the superficial mesoderm and forms an elongated triangular structure located at the posterior end of the notochord, anterior to the blastopore lip facing the gastrocoel (57, 58) . The GRP cells can be detected between stage 13 and 19 and subsequently ingresses into the underlying mesoderm. Four criteria argue that the GRP is the Xenopus equivalent of the mouse node and KV in zebrafish (59, 60) : First, bilateral expression of Nodal mRNA is detected along the border to the GRP and this expression precedes the asymmetric expression of Nodal in the left lateral plate. Second, the GRP itself is characterized by the presence of monociliated epithelial cells that express classical markers of cilia involved in left-right determination, i.e. Lrd, Inversin and PC2. Third, time-lapse imaging could detect ciliary beating and a leftward fluid flow. Finally, interfering with the fluid flow by injecting methylcellulose into the archenteron resulted in Xenopus embryos with laterality defects.
Interestingly, in addition to the expression in the GRP, many cilia-associated genes such as pkd2 or Inversin can be detected at early cleavage stage Xenopus embryos in a left-right asymmetric fashion (15, 61, 123) . Loss-and gain-of function studies have suggested that these early stages contribute to the formation of a left-right body axis (24) . One of the challenges in the future will be to connect those events and demonstrate that such an early patterning event also plays a role in other vertebrate species.
CILIA AND KIDNEY DEVELOPMENT
The realization that cilia play an important role in the kidney was initially proposed from the study of polycystic kidney diseases (PKD). These diseases are characterized by the formation of fluid-filled cysts derived from the epithelial lining of the nephron, and caused by extensive proliferation and apoptosis of renal epithelial cells. Mutations in two genes, PKD1 and PKD2, have been identified as the cause of ADPKD (62, 63, 64, 65) . The two proteins associated with human ADPKD, Polycystin1 (PC1) and Polycystin2 (PC2), have been detected in the cilia present on the apical surface of the tubular epithelial cells (66, 67) . Subsequently, most of the other genes involved in PKD such as PKHD1 for autosomal recessive PKD (ARPKD), BBS1, BBS2, BBS4, BBS7 and BBS8 for Bardet-Biedl syndrome (BBS) (20, 21) and NPH1, NPHP2, NPHP3, NPHP4 and NPHP5 for nephronophthisis (NPHP) have also been shown to be associated to the cilia or the basal body (22). Interestingly, neither polycystin-1 (PC1) nor PC2 are required for ciliogenesis, but for downstream signaling (18, 68, 69) . PC1 is an 11 transmembrane domain protein, while PC2 is a member of the transient receptor potential (TRP) super family, which is cation channels involved in mechanosensation and triggering Ca 2+ influx into cells. Both proteins regulate differentiation and proliferation of kidney epithelial cells. However, the precise cellular and molecular mechanism how the cilia localization of PC1 and PC2 leads to ADPKD is still poorly understood.
Cilia in the pronephric kidney
The kidney is a complex organ which filters blood, maintains fluid and ion balance and disposes of metabolic waste. In vertebrates, kidney development is characterized by the successive emergence of three kidney forms, the pronephros, the mesonephros and the metanephros. The metanephros is the functional kidney in higher vertebrates. In amphibians and fish the mesonephros is the adult kidney form. However, the pronephros has to be functional during the earliest stages of embryogenesis to maintain the water homeostasis of the aquatic larvae ( Figure 2 ). While the three kidney types differ in complexity, the functional unit, the nephron is similar for each of them. Moreover, the pronephric kidney contains most of the cell types found in metanephric kidney. In the glomerulus, podocytes, mesangial cells and the endothelia cells are necessary for proper blood filtration and -as shown in zebrafish -podocytes form foot processes of the slit-diaphragm (70) . Similarly, highly polarized epithelial cells characterize the pronephric tubules and ducts and they display a proximal-distal organization comparable to that found in the nephrons of the metanephric kidney (71, 72, 73) . Finally, at the molecular level, gene regulatory cascades are evolutionarily conserved and many genes function similarly in the pronephros and the metanephros. Thus, over the years the pronephric kidney has been successfully used as a simple model for kidney developmental (74, 75, 76) .
Zebrafish has provided significant evidences supporting a role for cilia in kidney development and in the pathogenesis of human kidney diseases. The first ENU mutagenesis (77, 78, 79) and insertional mutagenesis screens (80, 81) identified 24 recessive mutations that form pronephric cyst by 2-2.5 dpf. These mutations fall into five distinct phenotypic classes. The first group contains 17 mutations that resulted in cyst formation and body axis curvature. These included the mutant double bubble (dbb) that is characterized by a loss of cilia structure (77, Tomoko Obara and Iain Drummond unpublished data). The second group (pao pao tang (pap) and cyster (cst)) displayed only pronephric cyst formation and no other phenotypes (77). The third mutant group exhibited pronephric cyst formation, body axis curvature and eye defects. They contained fleer (flr) and elipsa (eli) and both have been shown to induce cell death in the photoreceptor cell layer at 3-5 dpf (77, 82). The pronephros flr mutant displayed distended capillaries loop formation and cyst formation, but its molecular identity is still unknown (77). The fourth group of mutants was originally noted for defects in left-right asymmetry, but also displayed kidney cyst and body axis curvature defects (78, 79) . However, the molecular nature of the two mutations in this class, locke (lok) and unresolved, are still unknown. Finally, the fifth type of pronephric mutation is characterized by pronephric kidney cyst and undeveloped liver and pancreas (81) . So far, only one gene is in this group, variant Hnf1 (vHnf1/HNF1beta). It encodes a homeobox gene, which is known to associate with glomerulocystic kidney disease and diabetes (83, 84) . In addition to the initial screens, the group of Nancy Hopkins has identified additional mutants that cause pronephric cyst using retroviral insertional mutagenesis (14) . They identified 12 different genes two of which, vhnf1 and pkd2, are linked to human cystic kidney. Three others turned out to be orthologues of genes, which have been shown in Chlamydomonas to encode proteins involved in IFT and cilia formation. Unfortunately, the function and mechanism of many of these mutants still remain unknown. In the future, it will be interesting to see how these relate to ciliogenesis or whether they will further advance the molecular mechanism of cilia-mediated signaling.
In zebrafish, the cilia in the pronephric kidney, the spinal cord and KV, the equivalent of the mouse embryonic node, are motile and of the 9+2 structure as characterized by electron microscopy (16) . To examine the motility of these pronephric cilia, 2.5 dpf embryos were treated with butanedione monoxime to stop the heartbeat and circulation thereby eliminating the glomerular filtration pressure and the ultrafiltrate flow. High-speed videomicroscopy revealed active cilia beating and not passive reflection (16) . Moreover, the rotational cilia movement generated a corkscrew-like wave pattern in the lumen of the duct directed toward the cloaca. To understand the biological relevance of these cilia movements in vivo, the structure of cilia was manipulated using MOs against the IFT proteins polaris/IFT88/osm-5 and hippi/IFT57/che-13. In addition, the mutant fish strain oval (ovltz 288b ), which carries a point mutation (L260X) in the zebrafish homolog of polaris/IFT88/osm-5 which leads a truncated protein was also evaluated. All the morphants (i.e. embryos injected with MOs) and ovltz 288b , developed pronephric cyst, hydrocephalus, curved body axis and pericardial edema in 72 hpf (hours post-fertilization). As expected, the cilia were severely shortened or absent, however, the 9+2 microtubule doublet ultrastructure was relatively normal. Moving cilia were rarely detected and the remaining motile cilia displayed a faster, uncoordinated, and flickering movement. To determine whether disturbed cilia motility impacted the fluid output from the pronephric cloaca, dye excretion was examined by using Tetramethylrhodamine-conjugated dextran (70 kDa) injected into the cardinal vein of living 3.5 dpf embryos. In wild-type embryos the dye is filtered at the glomerulus and excreted via pronephros cloaca and the fluorescent urine output can be observed after 3-8 min post-injection. In the morphants and ovltz 288b , no dye excretion could be detected suggesting that cilia function is required to maintain normal rates of fluid flow in the pronephros. To demonstrate that impaired fluid flow can lead to cyst formation, the investigators mechanically obstructed the pronephric ducts near the cloaca and verified rapid pronephric cyst formation within 30 min (16) .
One interesting observation is that cilia in zebrafish and 9+0 mouse node cilia are motile but, cilia in metanephric kidney (9+0 type) are not motile and are thought to sense fluid flow instead of propelling fluid (85) . However, in humans, 9+2 cilia have been detected during fetal kidney development (86) and in adult human kidneys with pathological symptoms (87, 88, 89) . More specifically, 9+2 motile cilia seem to be important for kidney development to maintain proper lumen diameter and kidney function. As development proceeds cilia motility seems to be lost and the cilia take on a new sensory function in the mature mammalian kidney. The fact that the cilia movements and not only a sensory function is important for the development of the pronephros has been directly shown in zebrafish by disrupting dynein heavy chain 9 (dhc9). The outer doublet microtubules and associated dynein arms are critical for the initiation and propagation of ciliary bending. In order to disrupt cilia beat rate and pattern, a MO targeted to the orthologue gene (dhc9) to human dynein heavy chain 9 (DYH9) at the splice donor site of the P1 domain, the primary ATP binding site that is essential for dynein motor was injected in zebrafish. The dhc9 morphant phenotype included reduction in beat frequency and slower cilia movement, but without changes in cilia structure that caused the phenotypes associated with IFT loss of function (16) .
One important realization in understanding cilia function is that zebrafish embryos have two types of ciliated cells in the early distal segment of the pronephros: single ciliated cells that morphologically resemble transporting epithelial cells and multiciliated cells (72, 73) (Figure 2A ). The two cell types are also found in the pronephros of medaka embryos (39, Tomoko Obara unpublished data) ( Figure 3 ) and in the amphibian pronephros (90, 91, 92) . In zebrafish and medaka, the two cell types are distributed as an alternative "salt and pepper" pattern in the early distal segment of pronephros. In amphibians the multi-ciliated cells are restricted to the nephrostomes (91, 92) . This difference may be explained by anatomical differences of the pronephros. The fish pronephros is a semi-integrated nephron and ultrafiltrate passes directly across the glomerular filtration barrier into the pronephric tubules and is propelled within the tubules (70) . In Xenopus, the ultrafiltrate moves into the coelomic cavity prior to entering the pronephric tubules using a specialized structure, the nephrostomes. In Xenopus the nephrostome contains the multi-ciliated cells as shown both by immunofluorescence for acetylated alpha-tubulin as well as molecular markers characteristic for multi-ciliated cells (91 and Oliver Wessely unpublished data) ( Figure 2B ).
Because Notch signaling has been shown to regulate pattern formation and cell fate determination through cell-cell interactions, the "salt and pepper" pattern of the single-and multi-ciliated pronephros cell types suggested that lateral inhibition by Notch signaling was responsible for the formation of the multi-ciliated cells. Notch is a transmembrane receptor that interacts with transmembrane ligands (Delta and Serrate/Jagged) expressed on neighboring cells (93, 94, 95, 96) . Upon ligand binding Notch undergoes regulated intramembrane cleavage, releasing the Notch intracellular domain (NICD), which moves into the nucleus and activates the CSL (CBF-1, Supressor of Hairless (Rbpsuh), Lag-1) transcriptional complex. This initiates a transcriptional cascade involving the expression of Hes and HRT/HER/Hey transcriptional repressors and thus changes the cell fate of neighboring cells (93, 94, 95, 96) . Notch signaling has an important role during kidney development. In the mouse metanephric kidney Jagged1/Notch-2 signaling has been implicated in the development of glomerular vasculature and in segmentation of the nephron (93, 94, 95, 96) . Similarly, in Xenopus, Notch signaling regulates proximal-distal development of the pronephric kidney (96) . The recent study by the Drummond's and Jiang's group showed that another Notch ligand, jagged2, is required to regulate the formation of multi-ciliated cells (72, 73) . jagged2 is expressed in the multi-ciliated cells and jagged2 knockdown by MOs resulted in the formation of ectopic multi-ciliated cells via upregulating a key transcriptional regulator of the ciliogenesis, rfx2. These studies indicate that neighboring cells regulates the specification of multiciliated cells via lateral inhibition involving the interaction between Jagged2 and Notch-3. Another interesting observation from this study was that the pronephric defect was rescued when the jagged2 MO was injected into dbb homozygotes zebrafish, while similar rescue experiments in other zebrafish mutant strains affecting cilia structure, cilia motility and/or pronephric cyst formation were negative (Figure 4 ). This suggested that the not-yet-identified dbb gene is a crucial mediator of Jagged2/Notch-3 signaling cascade and further supports the power of genetic screens to identify novel aspects in ciliogenesis (72).
In addition to Delta-Notch signaling noncanonical Wnt signaling seems to be important for ciliogenesis. Park et al. (97) examined two Xenopus homologues of the Drosophila planar cell polarity (PCP) pathway, fuzzy (fy) and inturned (in). While loss-offunction studies clearly showed a role for both proteins in non-canonical Wnt signaling, they also revealed additional phenotypes resembling defects in vertebrate hedgehog signaling, which is dependent on the presence of primary cilia. They went on to show that ciliogenesis was defective in the Xenopus embryos lacking in or fy. Interestingly, this was caused by a defect in the microtubule-mediated assembly of the apical actin meshwork present in ciliated cells. Along the same line, the group of J. C. Izpisúa-Belmonte (98) recently identified in a screen for genes involved in zebrafish left-right patterning a putative phosphorylation-dependent cytoskeletal regulatory molecule named duboraya (dub). Knockdown of dub in zebrafish embryos resulted in randomization of the leftright asymmetry patterning due to defects in cilia formation. Molecular analysis showed that dub was regulated by phosphorylation downstream of Frizzled-2. Thus, dub seems to be an essential component of noncanonical Wnt signaling, and similar to in and fy regulates ciliogenesis by organizing the actin cytoskeleton in epithelial cells.
A reverse genetic approach towards ciliogenesis
Dysfunctional primary cilia have been implicated in disease pathogenesis and zebrafish has been a popular animal model to better understand the function and structural role of genes discovered through the human mutation studies (22). One particularly fruitful example is Nephronothisis (NPHP), which is caused by many different genetic defects, many of which have been characterized by the group of F. Hildebrandt. So far, positional cloning has identified six genes (NPHP1 through 6), all of which have been demonstrated to be expressed in primary cilia or in centrosomes of renal epithelial cells. This connection of NPHP to cilia function has led to the concept of "ciliopathies" as a term describing human diseases caused by dysfunctional cilia (22).
One gene, which was extensively characterized in Xenopus and zebrafish as model systems, is Inversin (inv), the gene mutated in NPHP2 (99, 100, 101 ). Biochemical studies in cells showed that Inversin, Nephrocystin (the product of the gene mutated in NPHP1) and beta-tubulin form a protein complex that localizes to primary cilia of renal tubular cells. As one would expect, knockdown of inv in zebrafish resulted in a classical cilia-related phenotype, i.e. PKD-like renal cysts and randomization of heart looping. However, these data also supported the observation that the multiprotein complex with other NPHP proteins in the cilia is important for Inversin activity. Deletion of only the putative nephrocystin-binding domain (the C-terminal IQ2 domain) by targeting the splice donor site corresponding to the human exon 14 with a MO resulted in cyst formation similar to the knockdown of the entire protein.
Interestingly, the PKD-like phenotype of zebrafish embryos lacking Inversin protein could be completely rescued by co-injection of mRNA encoding mouse Inversin as well as zebrafish diversin a molecule structurally related to inversin. Diversin has been shown to inhibit canonical Wnt/beta-Catenin signaling and controlling gastrulation movements in zebrafish embryos (99, 100) suggesting a role for Wnt signaling. These findings were substantiated in subsequent studies using Xenopus and zebrafish embryos. In Xenopus, ectopic expression of Inversin inhibited canonical Wnt/betaCatenin pathway by targeting cytoplasmic Dishevelled protein for ubiquitin-mediated degradation; concomitantly, loss-of-function studies using MOs demonstrated that Inversin was required for the convergent-extension movements of the mesoderm, a classical paradigm for noncanonical Wnt signaling. Similar data were obtained in zebrafish. The transcriptional regulator bozozok (boz) is a direct target of Wnt/beta-Catenin signaling and is expressed at the 60% epiboly stage in the dorsal yolk syncytial layer. In zebrafish embryos lacking inversin, boz expression was extended to the lateral, ventral and animal yolk syncytial layer, indicating that Inversin is required to restrict Wnt/beta-Catenin-mediated gene transcription. Together these data suggested that Inversin acts as a molecular switch between canonical and noncanonical Wnt signaling. When extrapolated to kidney development these findings suggest that beta-Catenin/TCF-dependent gene transcription has to be curtailed to allow normal tubular differentiation. Even though the role of Wnt/beta-Catenin signaling in PKD is still unclear, these findings have a strong conceptual impact on the understanding of Polycystic Kidney Disease (17, 23, 24) .
Many other genes associated with ciliogenesis have been examined in zebrafish. These include NPHP CEP290, which causes NPHP6 (102) . Cep290 encodes a centrosomal protein involved in chromosome segregation and cell cycle regulation via its interaction with the transcription factor ATF4. Knockdown of cep290 in zebrafish recapitulates at least some aspects of its human phenotype (Joubert syndrome) and causes renal, retinal and cerebellar phenotypes, which was not caused by structural or motility defects of cilia.
As expected mutations in intraflagellar transport proteins are the cause for ciliopathies. Ift80 is mutated in Jeune asphyxiating thoracic dystrophy (103) . Its orthologue in zebrafish (zfitf80) is expressed in the craniofacial region, otocyst and pronephric duct and the knockdown results in a classical "loss-of-cilia" phenotype, i.e. body axis curvature, kidney cysts, cardiac edema, abnormal anterior neurocranial development, with midline fusion of trabeculae (103) . Similarly, another IFT protein, Ift88/polaris/Tg737, was originally described as the causative mutation of a mouse model of ARPKD (104) . Ift88 is a protein present in intraflagellar transport particles and is important for assembly and maintenance of the outer segment of the cilia structure (9, 10) . In zebrafish, the ovl mutation has been shown to be located in ift88 (13) . Cilia of ovl mutant fish cilia initially form, but are not maintained resulting in kidney cysts, and the degeneration of photoreceptor cells, auditory hair cells and olfactory sensory neurons, all of which have been shown to be ciliated (13, 14) . Similar, but weaker phenotypes could also be observed in zebrafish embryos lacking other IFT proteins (Ift52, Ift57 and Ift140) (13) .
A third such ciliopathy is the Bardet-Biedl syndrome (BBS), a pleiotropic disorder with primary features that include age-related retinal dystrophy, obesity, polydactyly, renal dysplasia, reproductive tract abnormalities and cognitive impairment (20, 21, 105) . It is genetically heterogeneous and so far mutations in eight genes have been identified (BBS1-8). All of the genes are expressed exclusively in ciliated organs. Knockdown of zebrafish bbs2, bbs4, bbs5, bbs6, bbs7 and bbs8 resulted in left-right patterning defect due to disruption of ciliogenesis in KV (106) . This study was the first to demonstrate that the diverse group of BBS genes share a common role in intracellular trafficking required for ciliogenesis. Interestingly, these kinds of studies also defined a subset of BBS genes, BBS6, BBS10 and BBS12, as a vertebratespecific branch of chaperonin-like proteins (106, 107, 108, 109) .
Several studies in Drosophila, C. elegans and mouse raised the possibility that BBS genes have a role in the PCP pathway (20, 21, 105) . In zebrafish, this pathway has been studied extensively, since several mutant fish strains with defects in PCP genes have been identified (e.g. trilobite, a mutation of vangl2; silberblick -a mutation of wnt11; pipetail -a mutation of wnt5and knypek) (109) . Interestingly, using the interaction between BBS genes in trilobite mutants enhanced the already abnormal convergent-extension movements observed in trilobite mutant fish during gastrulation. Together with the observation that Vangl2 protein is localized around the base of the cilium and perinuclear region, as well as punctuate staining along the length of ciliary axonome, these data suggest that BBS genes are involved in the PCP signaling process. This further strengthens the hypotheses of other studies (20, 21, 105, 109) suggesting a connection between cilia and PCP signaling.
In contrast to many animal models of PKD, which are caused by defects in ciliogenesis (19, 110) , human ADPKD is caused by mutations in two genes involved in cilia-regulated signaling. Mutations in PKD1 account for 85% of the ADPKD cases, but the function of the PKD1 gene product PC1 is still poorly understood. The current working model is that the primary cilia in the kidney function as a mechanosensor for luminal fluid flow and PC1 is an essential component of regulating the release of intracellular calcium (68, 69, 110, 111, 112) . Cultured renal epithelia from PC1 null mice contain cilia but fail to respond to flow-mediated bending of their cilia with an elevation of intracellular calcium (68, 69) . In addition, the C-terminal part of the cytoplasmic tail of PC1 has been implicated in regulating multiple signal transduction pathways such as Wnt signaling (114), G-protein signaling (115) and the activation of transcription factors such as AP-1 and STAT1 (116, 117, 118, 119) . In zebrafish PC1 has not yet been extensively studied. However, zebrafish has already been instrumental in better understanding the function of PC1. Recent studies have shown that luminal flow results in proteolytic cleavage of PC1, releasing its cytoplasmic tail, which then translocates to the nucleus and stimulates STAT6-dependent transcription (120) . Interestingly, when the intracellular cytoplasmic tail of PC1 was ectopically expressed in zebrafish embryos, they develop renal cysts. These data suggest that the function of PC1 in kidney development is conserved and that zebrafish will also be an informative model to better understand the molecular mechanism of PC1 activity. PC1 and PC2 function in medaka has also been explored as a model of cystogenesis (Tomoko Obara unpublished data).
The other gene mutated in ADPKD, pkd2, has been studied in zebrafish by several groups (15, 121, 122, 123) . In addition to knock down approaches using MOs, the laboratory of N. Hopkins (14) has identified the zebrafish orthologue of pkd2 by insertional mutagenesis and Schottenfeld et al. (123) have characterized curly up (cup), another allele of pkd2, isolated from a large-scale ENU mutagenesis screen.
Immunofluorescence analysis of PC2 revealed protein expression in the pronephros, in muscle cells and in a variety of sensory cells that are associated with mechanotransduction, including the ear, the lateral line organ, and the olfactory placodes (122) . As expected from studies in mouse and cell lines, in zebrafish PC2 could be detected at the subcellular level in motile cilia and in intracellular membranes of the pronephric kidney. Interestingly, the intracellular localization of PC2 was not uniform in the kidney, but segmental specific; in the proximal nephron segment, PC2 was localized to basolateral membranes, whereas in the caudal pronephric segment, PC2 was concentrated in subapical cytoplasmic vesicles (122) .
Two main roles for PC2 have so far been described in zebrafish, one in kidney development and one in the establishment of left-right body axis. The later phenotype resembles human heterotaxia and includes changes in asymmetric gene expression in the lateral plate and in the dorsal diencephalon of the brain (15, 122, 123) . Moreover, by targeting the MOs specifically to the dorsal forerunner cells and KV, Yost et al. (15) could demonstrate that the expression of PC2 in these cells is necessary for normal left-right patterning. In contrast to mouse, zebrafish PC2 does not activate signaling via Nodal homologue southpaw, but instead regulates the propagation of Nodal signals and restrict the expression of southpaw to the left lateral plate mesoderm (123) . In the pronephros, loss-of-PC2 resulted in cyst formation, which -unlike zebrafish IFT mutants -was not associated with cilia defects. Instead, it resulted in reduced kidney fluid output, expansion of caudal apical cell membranes, and occlusion of the caudal pronephric nephron segment (122) . Interestingly, while both PC2 mutant fish strains (15, 122, 123) displayed leftright asymmetry defects, neither strain developed pronephric cyst or defects in kidney patterning. Only zebrafish embryos injected with MO directed against PC2 developed pronephric cyst and defects in left-right asymmetry. While puzzling, the reason why the MO injections have a stronger phenotype than the genetic mutation is still not yet known and will be cause for future studies.
PERSPECTIVES
The emergence of cilia as a signaling unit has had a broad impact on developmental biology and to understanding of various diseases. Lower vertebrates such as zebrafish, medaka and Xenopus have helped to better understand not only the process of ciliogenesis, but also the signaling events downstream of the cilia. In this respect, the roles of cilia in the formation of the left-right axis and in the development of the pronephros are two best-studied scenarios. Since cilia, however, can be found on most cell types, it is likely that cilia-regulated signaling is important for many more events during organogenesis.
One of the important future aspects studying cilia is to understand the mechanism of fluid dynamics. In case of the pronephros, cilia regulate the organization of the tubular epithelial structures, in the node they establish an asymmetric signaling center and in the spinal cord they sense a gradient of hedgehog signaling. The complexity of these scenarios clearly illustrates that cilia need to be studied in vivo in their cellular context. Analyzing them as isolated cells in cell culture will only allow small aspects of their potential. Thus, lower vertebrates, zebrafish, medaka and Xenopus, offer unique advantages. The ease and speed of molecular manipulation using for example injections of MOs to eliminate a gene allows testing new scenarios within weeks. In addition, mutagenesis screens still prove to be very fertile grounds to discover new aspects in cilia signaling. The realization, that the zebrafish mutant double bubble (dbb) is involved in the development of ciliated cells in the pronephros demonstrates that some of the nonidentified mutant genes may unravel completely unexpected aspects of ciliogenesis. Furthermore, with the technological advances more directed genetic screens are possible to address specific problems in cilia-mediated signaling.
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